This paper presents results from the first study that focuses on water resources availability and demand for different purposes in the four oil-rich provinces of southern Iraq. The region accounts for 23% of the surface area and 18% of the country's population, but holds 88% of its oil. A water shortage of 430 Mm 3 /year for 2010 is estimated for this region where irrigation accounts for 81% of the total water demand. Dhi Qar is the largest agricultural producer and water consumer while Al Basrah and Al
INTRODUCTION
Water self-sufficiency is essential to ensure food security and so it is one of the most important pillars for a developed and sustainable economy anywhere in the world. This is especially true in arid and semi-arid regions that are strongly dependent on water resources controlled from beyond their international borders, which is the case in Iraq.
Since ancient times the main water supply in Iraq has been provided by the rivers Tigris and Euphrates. These two rivers gave Iraq the Greek name Mesopotamia (the land between two rivers). The headwaters of the River Tigris and River Euphrates are in the Turkish mountains meeting in the Shatt-el-Arab River at the southern tip of Iraq, before finally discharging into the Arabian (Persian) Gulf. About 98% of the water consumption in Iraq is dependent on these two rivers and their branches (Al Bomola ).
The southern region of Iraq comprises four provinces:
Al Basrah, Al Muthanna, Dhi Qar, and Maysan ( Figure 1 ).
These four provinces cover 23% of the total area of the country, provide homes for 18% of Iraq's population (i.e. 5.7 million inhabitants) while holding over 80% of Iraq's petroleum wealth (Ministry of Oil ). Al Basrah, with its harbor on the Arabian Gulf and its oil fields, is on the verge of becoming an international hub of industrial, agricultural, transport, construction and commercial activities.
With this comes the need for alternative fresh water supply in large quantities in an area that is confronted with significant and persistent decline in water quantity and quality. This situation will become worse following an anticipated threefold increase in oil production by the end of this decade, rapid industrialization, and growth in irrigation to secure economic development and food supply for a rapidly growing population demanding a better quality of life.
The main objective of this study is to assert the best estimates for water demand and supply in the south of Iraq for various purposes at present and in the future. We argue here that the current supply and demand can be partially balanced in that region by available strategic water resources that are not yet utilized and through rational use of water from recycling/treatment of these unexploited water resources, especially produced water (PW). We justify this by showing that the region has a large footprint from the demand side, with so far only a single source from the supply side, and that supplying sufficient quantity and quality of PW is a good and a manageable option. This is shown by calculating demand and supply for irrigation, industry, domestic and livestock purposes to determine the water balance and water shortages, based on information from the scientific literature, data from international and national organizations and institutes, and sometimes local information sources. This is the first study that quantifies the water demand and supply for the south of Iraq and proposes possible solutions to the increasing water scarcity in the region.
DATA AND METHODS
Water demand and supply were estimated for 2010 as the baseline for the calculations. To determine the water needed for irrigation in south Iraq, we first need to specify the most important crops (we only considered the crops with production of more than 1,000 tons/year) that are cul- 
Water demand

Irrigation
Agriculture is a primary reason for water stress across the entire Arab region in general and in Iraq in particular (WWAP ). Water needs for growing crops depend mainly on crop type and climate conditions. Such water can be supplied to the crops by rainfall, irrigation, or a combination of the two. Water supply for agriculture in the south of Iraq relies mainly on surface water. Figure 2 shows the distribution of water resources for agricultural water demand. It shows that surface water provides about 85% of the water consumption by agriculture. Moreover, rainfall is not reliable for irrigation, since the majority of the country is arid or semi-arid. Precipitation in the south of Iraq is in the order of just 100-200 mm per annum, and is also highly irregular (UNEP ).
We estimated the detailed water demands for irrigation of various crops that are grown in the four provinces in the south of Iraq. We can see from Table 1 Table 2 we specified the industrial plants in the south of Iraq, showing that Al Basrah accounts for the biggest portion of the industrial plants and consequently consumes most of the water which is required for industry.
An aggregate amount of 616 Mm 3 /year of water is required to supply the industrial activities in the southern region of Iraq (see Table 2 ). This amount is anticipated to increase in future years, especially when the non-functioning plants return to work and new factories are built as planned by the Iraqi government. it is pumped at rates faster than it is being replenished by rainfall. However, in the regions that are far from the rivers, groundwater resources are of more significance.
Agreed water quotas from the Tigris and the Euphrates are used to distribute water among the various provinces. The southern provinces take the smallest amount of water due to their downstream location as well as due to the presence of several dams which are situated upstream and controlled by the upstream provinces.
Al Basrah
Al Basrah is the economic center of Iraq with the largest oil 
Dhi Qar
The province of Dhi Qar has the highest water quota among the other provinces because it has the largest agricultural Our calculation shows that this amount is sufficient for current water demands (Table 5) . However, water demands will increase when the non-functioning industrial plants in
Maysan such as sugar, paper, and plastic are back to work as planned in the next few years. Moreover, part of the Maysan water supply goes to the marshes restoration project, but we have no information about the water quantities used for this purpose.
Water demand and supply results in the south of Iraq are summarized in Table 5 . Overall water deficit is estimated at about 430 Mm 3 /year; this amount can be balanced by using proper water management and alternative water resources.
Water management solutions
In this section we introduce sustainable solutions which might help to improve the water situation in the south of Iraq. Based on our findings, we can discern that water problems in the south of Iraq are not just a matter of quantity but also of the management of water resources in this region. We make the recommendations outlined below: ponds. This amount is anticipated to increase by the end of this decade as oil production is planned to reach three times its current production and because PW quantities increase with the age of a given oilfield.
2. Desalination of Arabian Gulf water can be a significant and stable water source for Al Basrah which can be used for various purposes. A seawater desalination plant is to be constructed in the south of Iraq to provide The possible solutions to solve water scarcity will be different for the various provinces as shown in Table 6 .
These solutions depend on the location of the province, the available resources in this province such as oilfield PW and sea water, and the need due to water shortage. Here, we describe how we constructed Table 6 Muthanna (COSIT ) can be used for irrigation purposes instead of discharging it to the river or directing it to evaporation ponds. This will also better serve the environment.
Since in the other provinces, where central wastewater treatment plants do exist, the effluent is also discharged to the river, we consider it as a potential solution for all provinces. for example, forward osmosis and membrane distillation (Shaffer et al. ) .
Water-energy nexus
The water need for energy production will be increasingly important. About 15% of global water use in 2010 was related to energy production (IEA ). Water availability can be the limiting factor for electric power in Iraq.
In the south of Iraq, energy is produced either by thermal power plants or gas power plants. The thermal power plant consumes water explicitly to generate steam which is used to drive a turbine generating the electricity, while in the gas power plant fuel is used to heat up gases which drive the turbines. In the gas power plant, water is implicitly included in the fuel which consumes water in the different stages of extraction and refining. At the same time, energy is required to produce freshwater from the various sources such as surface water, groundwater and wastewater.
During the production life of an oil well, this interrelation manifests strongly in the lifecycle of PW in production, re-injection or dumping as wastewater, recycling, purification and subsequent injection for enhancing oil and gas recovery.
Energy in return is required to deal with this water reuse whether in the energy industry or the other sectors.
Planners have to take into account this nexus when planning for energy production or water treatment. To produce 1 kWh, 0.757 m 3 of fresh water is needed (Goldstein & Smith ), while to provide 1 m 3 of fresh water from surface water resources such as rivers, 0.5 kWh is needed (Olsson ) . Accordingly, it is very important to think about alternative water resources which can be used for various purposes using less energy-intensive techniques or renewable energy resources.
DISCUSSION
Water consumption by the agricultural sector in the south of Iraq accounts for about 81% of the total water consumption, which is larger than the average figure for the country of about 72% (calculated from Table 7 ). Water demands in Dhi Qar constitute about 40% of the total water demand in the south of Iraq, as shown in Figure 4 . This since Dhi Qar has the highest agricultural production among the four provinces. Also, our estimations showed that more than 80% of the industrial activities in the south are currently based in Al Basrah. These findings can be used in the management of available freshwater resources, as discussed previously.
The water situation in Iraq is anticipated to worsen in future years because water demands in the country are going to increase as shown in Table 7 , whereas water supply is going to decrease due to upstream damming of the Tigris and the Euphrates, and climate change.
The increase in water demand is mainly driven by population and industrial growth driven by increased wealth. The water needed for irrigation may also increase due to climate change besides the effect of population growth; however, in Iraq the effect of population growth on water demand will be much larger than that of climate change (Chenoweth et al. ) . 
